Abstract: Numerical modeling of multiorder cascaded fluoride glass Raman fiber laser (RFL) employing fiber Bragg gratings (FBGs) is presented. Calculations were compared with the recently reported results, and good agreement was achieved. The model was also used to optimize a fourth-order fluoride glass RFL pumped at 1.9 m, which can generate a mid-infrared emission up to 3.36 m. The influences of launched pump power, fiber length, output coupling, fiber background loss, and insertion loss of FBG on laser performance were investigated. The fiber length of 53.1-85.5 m and reflectivity of output coupler of 0.34-0.51 were recommended to obtain a relative large output power. The calculated maximum output power of 2.96 W with slope efficiency of 19.2% and threshold of 24.7 W was obtained at launched pump power of 40 W. In addition, the strong effects of fiber background loss and insertion losses of FBGs on laser output performance emphasized the importance of development of high quality fiber and fluoride FBG writing technique.
Introduction
Mid-infrared (IR) fiber lasers emitting between 2 m and 5 m are attractive for several applications in defense, remote sensing, spectroscopy, and biomedicine. Although the output power of silicabased fiber lasers has reached the kilowatt level [1] , the emission wavelengths are limited to G 2:2 m due to large transmission loss arising from the high phonon energy of silica of approximately 1100 cm À1 [2] . To achieve longer wavelength emission, other glasses with lower phonon energy have to be considered. The use of fluoride glass fiber, especially the ZBLAN (typically 53-mol.% ZrF 4 , 20-mol.% BaF 2 , 4-mol.% LaF 2 , 3-mol.% AlF 2 , and 20-mol.% NaF) composition, as the host material for mid-IR fiber lasers is finding increasingly wider acceptance because of the excellent IR transparency up to $ 6 m. To date, a number of fiber lasers based on Tm 3þ -, Er 3þ -, and Ho 3þ -doped ZBLAN fiber with emission ranging from 2 m to 3 m have been demonstrated [3] - [6] with diode-pumped room-temperature emission reported up to 3.022 m [7] . Complimenting the fiber lasers based on rare earth ion transitions, Raman fiber lasers (RFLs) offer extended wavelength emission provided that suitable Raman fiber and pump wavelengths are combined. The recent availability of high-power Tm 3þ -doped silica fiber lasers [8] , [9] providing emission at 2 m and the provision of fiber Bragg gratings (FBGs) in fluoride fiber using 800-nm femtosecond laser writing [10] have resulted in the demonstration of all-fiber fluoride-based RFLs. The recent reports of a single-order RFL at 2185 nm with a maximum output power of 580 mW and slope efficiency of 29% with respect to 1940-nm pump [11] and, afterward, an improved single-order RFL emitting 2231 nm and maximum output power of 3.7 W at a slope efficiency of 15% with respect to 790-nm multimode pump [12] show the potential of fluoride-based RFLs.
To compliment the experimental demonstrations, it is necessary to consider numerically modeling fluoride-based RFLs in an effort to optimize the performance for future power scaling and for possible emission beyond 3 m. To this end, we present a numerical model of cascaded fluoride RFLs that was successfully tested against the calculated results [11] . A fourth-order RFL with double-pass pumping at 1.9 m and emission to 3.36 m shows promise. The influences of the launched pump power, fiber length, reflectivity of output coupler, fiber background loss, and insertion loss of FBG on laser output performance were investigated, and the optimized parameters were determined. Fig. 1 shows a typical nth-order cascaded fluoride glass RFL. These systems have been modeled previously [14] ; however, we explain the system here for completeness. The n pairs of FBGs are inscribed directly in the fiber core at both sides to form n resonant cavities with respect to Stokes wavelength 1 ; . . . n , respectively. With high power conversion efficiently between Stokes waves, all FBGs are designed to provide high reflectivity (HR) except the FBG ð2n À 1Þ at the output side, which is used to outcouple a significant fraction of nth-order Stokes wave. For high pump absorption efficiency, an additional grating (labeled FBG0) centered at pump wavelength 0 is used to retro-reflect the undepleted pump yielding a double-pass pump scheme. We assume that the pump source is a Tm 3þ -doped silica fiber laser emitting at 1.9 m, and the butt-coupling method is used to launch pump light into the fiber core. For simplicity, the spectral widths of pump and Stokes waves in our model are considered to be narrow enough (i.e., almost single frequency). Note that the contribution of SBS in our model is ignored for the actual linewidth of FBG in RFL is nanometer level. The Raman frequency shift for fluoride fiber had been measured to be 572 cm À1 [11] with a peak Raman gain coefficient, with respect to a pump wavelength of 1.94 m, of 3:52 Â 10 À14 m/W [11] ; thus, we can obtain the peak Raman gain coefficients for all Stokes waves using the inverse relationship between the gain and pump wavelength [13] .
Theoretical Model
We take into account the coupling between adjacent Stokes waves at both the copropagating and counterpropagating directions neglecting the polarization and spontaneous Raman scattering. A set of power coupled equations including forward and backward propagations based on the double-pass pump scheme can be written as [14] , [15] : 
where P 0 and P j represent the pump and jth-order Stokes power, F and B superscripts refer to the forward and backward propagation directions, respectively, and 0 and j represent their frequencies, respectively. 0 and j represent the fiber background losses of pump and jth-order Stokes wave, respectively, which typically depend on fiber quality. g jÀ1;j R is the Raman gain coefficient of jth-order Stokes wave activated by the ðj À 1Þth-order Stokes wave, which scales inversely with ðj À 1Þth-order Stokes wavelength. Aeff jÀ1;j is the effective core area, which is associated with the interplay between the jth-order and ðj À 1Þth-order Stokes waves. 0 and j denote the pump and jth-order Stokes wavelength, respectively. NA and a are the numerical aperture and radius of the fiber core, respectively. V is the normalized frequency, which can be calculated from V ¼ 2aNA= j . We have assumed a Gaussian intensity distribution with ! j ; the effective mode field radius of wavelength j is given by ! j ¼ að0:65 þ 1:619=V 3=2 þ 2:879=V 6 Þ with the fiber core radius a and the normalized frequency V, then Aeff jÀ1;j can be achieved by
Here, we consider a fiber of length L with z the position along the fiber. The boundary conditions are given by: (1)- (3) combined with boundary conditions (4) were solved using MATLAB. To reduce calculation time and avoid nonconvergence of the solution, we employed the parallel shooting algorithm including fourth-order Runge-Kutta algorithm instead of the nonlinear shooting algorithm usually used to solve boundary-value ordinary-differential equations. The most significant challenge was to set the initial values of the Stokes emissions simultaneously, but as the order of the RFL increased, the procedure become more difficult, and hence, we choose a series of various initial values in different ranges.
Numerical Simulation and Optimized Design
To estimate the accuracy of the model, we compared calculations with the results from the singlepass pump arrangement RFL demonstrated in [11] , which involved a 29-m-long undoped fluoride fiber having a core NA of 0.23 and core diameter of 6.5 m. The background loss at 1940 nm and 2185 nm was 0.02 dB/m and 0.0025 dB/m, respectively. The input and output FBGs directly written into the fiber had a reflectivity of 99.95% and 95% for the first Stokes emission and insertion loss of G 0.23 dB and 0.14 dB, respectively. The Raman frequency shift in the experiment [11] was measured to be 579 cm À1 with Raman gain coefficient, with respect to 1.94 m pump wavelength, of 3:25 Â 10 À14 m/W. To match the threshold measured in the experiment, we assumed that the insertion losses for the input and output FBGs were 0.19 dB and 0.09 dB, respectively, which corresponds to limits of G 0.23 dB and G 0.14 dB described in the experiment. Fig. 2 shows the output power of first-order Stokes emission as a function of the launched pump power. Good agreement is observed between the two results verifying our method.
For simulation beyond 3 m, we take the fourth-order RFL as an example, the frequency shift for every Stokes wave was calculated, as shown in Fig. 3 ; consequently, the emission of 3.36 m can be achieved. The core diameter and NA were set to 6.5 m and 0.23, respectively as described in [11] . The background loss for pump was fixed to 0.02 dB/m. The background losses for Stokes waves between 2 and 3 m were assumed to be identical at 0.0025 dB/m. To the best of our knowledge, the lowest loss achievable for a single-mode fluoride fiber was about 0.02 to 0.03 dB/m at 3.36 m, and thus, the attenuation value for the fourth-order Stokes wavelength was assumed to 0.025 dB/m. Note that the fibers having these exceptional properties maybe currently not available. For simplicity, the insertion losses of all FBGs were assumed to be identical at 0.1 dB, which may be even a little ideal currently. The reflectivity for all FBGs was considered as 99% except for the output coupler. Fig. 4 shows the calculated intracavity field power along the fiber for different output reflectivities at launched pump power of 40 W. Here, the output coupler with relative high reflectivity (HR) was chosen to lower the laser threshold and reduce the fiber length due to the high cost of fluoride fiber. It is observed from Fig. 4(a) that the pump light is scattered to the first Stokes emission as it propagates along the fiber with the point in the fiber in which the pump power decreasing to e À1 of its launched value is located at 12.5 m, 14.2 m, and 16.3 m for output reflectivities of 0.7, 0.8, and 0.9, respectively, which suggests that, comparatively, a lower reflectivity output coupler results in a higher pump conversion efficiency. Consequently, the output power of fourth-order Stokes emission, calculated from Fig. 4(b) , of 1.9 W, 1.6 W, and 1.0 W were achieved with respect to the reflectivity of 0.7, 0.8, and 0.9, respectively. The calculated intracavity field power along the fiber for different fiber lengths is shown in Fig. 5 . It is observed that the pump light is depleted comparatively faster with more residual pump for a shorter fiber. The calculated output powers of 1.4 W, 1.6 W, and 1.8 W were achieved with respect to fiber length of 20 m, 25 m, and 30 m, respectively arising by the increased overall Raman gain as increased fiber length.
In order to isolate the effects of reflectivity of output coupler and fiber length on laser output characteristics, the calculated Stokes output powers versus launched pump power at different reflectivities and lengths are shown in Fig. 6(a) and (b) , respectively. It is seen that the Stokes output power increases almost linearly with launched pump power over the threshold. From Fig. 6(a) , one observes that both the pump threshold and slope efficiency tend to decrease with increasing R F 4 , i.e., the threshold and slope efficiency reduce from about 22 W to 18 W and sharply from 13.1% to 4.7% if we promote R F 4 from 0.7 to 0.9. From Fig. 6(b) , one also observes that both the pump threshold and slope efficiency decrease with increasing fiber length, i.e., the threshold and slope efficiency reduce from 22.6 W to 18.6 W and slightly from 10.2% to 8.2% if we lengthen the fiber length from 30 m to 50 m.
In order to obtain the optimal fiber length, we calculated the Stokes output power as a function of fiber length at different R F 4 values, as shown in Fig. 7 , where the launched pump power is 40 W. As the fiber length increases, a rapid growth of the output power is observed before reaching the maximum and then the power decreases gradually as a result of sufficient pump depletion. It can be also observed that the position of maximum output power shifts to shorter length for higher R resulting from easier beginning of laser oscillation, which is 43 m, 36.9 m, and 32.5 m for R F 4 of 0.7, 0.8, and 0.9, respectively. Moreover, the Stokes output power as a function of reflectivity of output coupler for different fiber lengths was calculated and shown in Fig. 8 , where launched pump power is also 40 W. It can be seen that the output power remains zero when R F 4 is comparatively small before reaching to its maximum value and then decreases sharply to zero as R F 4 increases to 1. Lower R F 4 is required to achieve its maximum output power for the longer fiber, e.g., the maximum output powers of 2.25 W, 2.66 W, and 2.85 W were obtained at R F 4 of 0.64, 0.56, and 0.49, with respect to the fiber lengths of 30 m, 40 m, and 50 m, respectively. This phenomenon is related to a fact that lower feedback is needed for longer fiber owing to its higher overall Raman gain.
Based on the above analyses, we conclude that the fiber length and reflectivity of output coupler R F 4 should be optimized simultaneously to obtain better performance. Fig. 9 It is worth mentioning that the nonlinear spectral broadening of all Stokes emissions becomes more and more significant as the intracavity power increases, which would make a tremendously negative impact on the laser output performance due to the leaking power [11] , [12] , [17] , [18] . In our calculations, this effect is not included for it is hard to be modeled accurately, but we believed that the more accurate model taking into account this effect will be built in the future.
To make a more comprehensive analysis of the RFL, the influences of background loss and insertion loss on laser characteristics are investigated. As be well known, the background and insertion losses depend on the fiber quality and technique of writing FBG in fluoride fiber. In order to isolate the effect of background loss, the slope efficiency and threshold as a function of background loss for fourth-order Stokes emission are calculated, as shown in Fig. 10 . The insertion losses for all FBGs are fixed to 0.1 dB, and the background loss for pump and first-to third-order Stokes emission are 0.02 dB/m and 0.0025 dB/m, respectively. The fiber length and R recommended value of 68 m and 0.42, respectively. It is observed that the slope efficiency and pump threshold decreases and increases gradually from 26.3% to 14.3% and 17.9 W to 33.1 W, respectively, as the background loss increases from 0.005 dB/m to 0.05 dB/m, indicating that the fiber quality such as purity and homogeneity is important for achieving RFL of high slope efficiency and low pump threshold.
Moreover, the effect of insertion loss on output performance is also isolated to analyze. The calculated slope efficiency and pump threshold as a function of insertion losses for HR FBGs and low-reflectivity (LR) FBG (i.e., output-coupler FBG) are shown in Fig. 11(a)-(d) , respectively, where the background losses for pump, first-to-third and fourth Stokes emission are 0.02 dB/m, 0.0025 dB/m, and 0.025 dB/m, respectively. It can be seen that the pump threshold and slope efficiency increases and decreases sharply from 9.9 W to 57.8 W and 24.47% to 13.96% as the insertion losses for HR and LR FBGs increase from 0.02 dB to 0.22 dB and 0.14 dB, respectively. From Fig. 11(b) and (d), it is noticed that the insertion loss for HR FBG influences the pump threshold and slope efficiency more strongly than that of LR FBG. For example, when the insertion loss for LR FBG increases from 0.02 dB to 0.14 dB with fixed insertion loss for HR FBG of 0.02 dB, the pump threshold varies so slightly that the differences cannot be distinguished in the current accuracy from Fig. 11(b) ; slope efficiency also decreases slightly from 24.47% to 23.80%. While we keep the insertion loss for LR FBG of 0.02 dB, the pump threshold and slope efficiency vary significantly from 9.9 W to 34.1 W and 25.83% to 17.54%, respectively, as that for HR FBG increases from 0.02 dB to 0.14 dB. The serious negative impacts arising from insertion losses of FBGs on threshold and slope efficiency suggest that the development of fluoride fiber laser depends on the FBG inscribing technique to some extent.
Through four Raman frequency shifts, 1.9-m pump wavelength can be transformed to an exciting wavelength of 3.36 m located in the promising mid-IR region of 3-5 m. Theoretically, the further extended wavelength can be realized by increasing the order of RFL, e.g., laser at 4.16 m can be achieved through five Raman frequency shifts. However, an issue that background loss beyond 3.5 m for current fluoride fiber tends to dramatically ascend, which would result in the bad performance. A fifth-order fluoride-based RFL pumped at 1.9 m, therefore, is simulated as an example. The Stokes output power as a function of launched pump power is shown in Fig. 12 , where the parameters are same as those used in previous fourth-order RFL except for the background loss for fifth-order Stokes wave assumed to be 0.1 dB/m, which is 40 times larger than that for first to third orders (i.e., 0.0025 dB/m). The pump threshold and slope efficiency were calculated to be 582.9 W and 8.1%, respectively. Such high threshold makes this laser is unrealistic to achieve in practical system; however, the improved performance can be expected by developing the fabrication technique of high-quality fluoride glass fiber with low loss. As in Fig. 12 with green line, the threshold and slope efficiency can be decreased and increased to 282.3 W and 16.6% if the fiber loss for fifth-order Stokes emission is same as that for the fourth order (i.e. 0.025 dB/m). Better performance can be achieved with further improving the fiber quality. A representative method to further extend the wavelength is using the Er 3þ -or Ho 3þ -doped ZBLAN fiber laser operating around 2.9 m as pump. For instance, an Er-ZBLAN fiber laser at 2.82 m could be used as a pump to generate the first-order Stokes wave with 3.36-m emission wavelength directly. In this way, only three FBGs would be required.
Conclusion
In this paper, we have shown a numerical modeling to describe multiorder cascaded fluoride glass RFLs. By comparing with the recent reported results of one-order fluoride glass RFL with singlepass pump cavity [11] , good agreement has been achieved. As be well known, it is difficult to produce the wavelength of beyond 3.1 m by ion-doped (e.g., Er 3þ ; Ho 3þ ; Dy 3þ ) fiber due to the limited emission band of ions. Therefore, a fourth-order fluoride RFL pumped at 1.9 m with output at 3.36 m was calculated and analyzed. The relative parameters such as launched pump power, fiber length, reflectivity of output coupler, fiber background loss, and insertion loss for FBG have been numerically optimized. The results present optimal range of fiber length of 53.1-85.5 m and R of 0.42 is recommended. Moreover, the significant negative effects of both background and insertion losses on laser output performance show the importance of improving fiber quality and technique of writing FBG in fluoride fiber. In this paper, only fourth-order fluoride glass RFL with wavelength of 3.36 m has been simulated and optimized due to the dramatically increasing of background loss beyond 3.5 m for current fluoride fiber. Further extended wavelength depends on the development of fluoride fiber fabrication or other alternative new fibers.
